Abstract: Artemisinin, a sesquiterpene lactone endoperoxide derived from Artemisia annua L., is the most effective antimalarial drug. In an effort to increase the artemisinin production, abscisic acid (ABA) with different concentrations (1, 10 and 100 µM) was tested by treating A. annua plants. As a result, the artemisinin content in ABA-treated plants was significantly increased. Especially, artemisinin content in plants treated by 10 µM ABA was 65% higher than that in the control plants, up to an average of 1.84% dry weight. Gene expression analysis showed that in both the ABA-treated plants and cell suspension cultures, HMGR, FPS, CYP71AV1 and CPR, the important genes in the artemisinin biosynthetic pathway, were significantly induced. While only a slight increase of ADS expression was observed in ABA-treated plants, no expression of ADS was detected in cell suspension cultures. This study suggests that there is probably a crosstalk between the ABA signaling pathway and artemisinin biosynthetic pathway and that CYP71AV1, which was induced most significantly, may play a key regulatory role in the artemisinin biosynthetic pathway.
Introduction
Malaria, a global health problem, threatens 300-500 million people and kills more than one million people annually (Ro et al. 2006 ). Disease control is hampered by the occurrence of multi-drug-resistant strains of the malaria parasite Plasmodium falciparum. Artemisinin, a sesquiterpene lactone endoperoxide extracted from the aerial parts of Artemisia annua L. plants, is a potent antimalarial drug which has a remarkable activity against chloroquine-resistant and chloroquine-sensitive strains of P. falciparum, and is useful in treatment of cerebral malaria (Liu et al. 2006) . However, the low content (0.01-1% dry weight) of artemisinin in A. annua limits its massive commercialization. Therefore, various approaches have been attempted to improve artemisinin production, such as bioreactor of A. annua hairy root (Putalun et al. 2007 ) and genetic engineering (Chen et al. 2000) . So far, however, no efficient way could be used in the production of artemisinin, because of the high cost and the complexity of gene expression and regulation in artemisinin biosynthesis. Simpler and more efficient approaches are needed to increase the artemisinin production.
The content of artemisinin, as one of the secondary metabolites in A. annua, was greatly influenced by environmental factors, such as light (Wang et al. 2001; Liu et al. 2002) , temperature (Guo et al. 2004) , water stress and salt stress (Qian et al. 2007) , as well as some phytohormones (Whipkey et al. 1992; Weathers et al. 2005) . Abscisic acid (ABA), defined as a stress hormone, plays a central role in responses to biotic and abiotic stresses (Smet et al. 2006) . It was reported that ABA could stimulate the accumulation of some secondary metabolites (Smith et al. 1987) .
In this study we investigated whether ABA could enhance artemisinin production in A. annua and how ABA would influence the gene expression in artemisinin biosynthesis. Our result demonstrated that ABA treatment significantly increased artemisinin content in A. annua plants, and the main reason for this was probably that several key genes involved in artemisinin biosynthetic pathway were upregulated by ABA. Our research proves that ABA treatment is a simple and efficient approach to increase the production of artemisinin in A. annua plant.
Material and methods
Plant material, growth condition and ABA treatment Seeds of high artemisinin yielding A. annua variety were collected from Chongqing, China. The seeds were surface sterilized with 20% (v/v) sodium hypochlorite (NaOCl) for 20 min, washed twice with sterile distilled water, sown onto germination medium [Murashige and Skoog (MS, 1962) basal medium with the addendum of sucrose (30 g/L) and phytagel (Sigma) (2.6 g/L)] in Petri dish (9 cm diameter) in a growth chamber with a photoperiod of 16 h light/8 h dark and light of 8,000 Lux (metal halide source) at 26
• C and grown for 4 weeks.
The germinated seedlings were then transplanted into plastic pots containing peat-moss and perlite at the ratio of 1:1. The plants were watered with the normal
When about 40 cm in height, 24 plants were selected and divided randomly into four groups with six plants in each group. They were then sprayed with ABA solution of different concentrations (0 as the control, 1, 10, and 100 µM) respectively. Two days after the treatment, the content of artemisinin in each plant was measured by high performance liquid chromatography coupled with evaporative light scattering detection (HPLC-ELSD).
In order to investigate the effect of ABA treatment on gene expression, 4-week-old plantlets on the germination medium were sprayed with 10 µM ABA solution, and then sampled at 0, 4, 8, 12, 24, 48, 72 h after the treatment. Each sample was frozen in liquid nitrogen and stored in −70
A. annua cell suspension cultures and ABA treatment The hypocotyls were cut from 4-week-old A. annua plants, placed on callus-inducing medium [solidified MS medium supplemented with 30 g/L sucrose, 2.6 g/L phytagel (Sigma), 2 mg/L α-naphthalene (Sigma) and 0.2 mg/L kinetin (Sigma)] and cultured at 26
• C in dark. Two weeks later, the induced calluses were transferred into sterilized flasks containing liquid MS medium with the addendum of sucrose (30 g/L), α-naphthalene (Sigma) (2 mg/L) and kinetin (Sigma) (0.2 mg/L). The flasks were shaken on the shaker (110 rpm). At the beginning, the cell suspension cultures were subcultured every week. Three weeks later, the suspended cells went into exponential phase, and were subcultured every 3 d.
An aliquot of 200 µL 5 mM ABA solution was added into 100 mL exponential-phased suspended cells, making the final concentration of ABA in the medium with 10 µM. At 0, 2, 4, 6, 8, 10, 12, 24 h after ABA treatment, 10 mL suspended cells were filtered. The cells were collected into 1.5 mL eppendorf tubes, frozen in the liquid nitrogen and stored at −70
Sample preparation Artemisinin in the plants was extracted according to the method of Qian et al. (2007) . Fresh leaves of A. annua (2-3 g fresh weight) were immersed in 15 mL chloroform in 50 mL eppendorf tube and mixed by gentle shaking for 1 min. Then the solution was moved to another fresh tube to volatilize chloroform, and then 4 mL ethanol was added into the tube to dissolve the extract. The leaf material after the extraction was weighed (to measure the dry weight) after totally dried at 50
Quantification of artemisinin using HPLC-ELSD The samples were analyzed by Waters Alliance 2695 HPLC system coupled with Waters 2420 ELSD detector. The HPLC conditions were Waters C18 column using water:methanol (30:70 v/v) mixture as mobile phase at a flow rate of 1 mL/min. ELSD conditions were optimized at nebulizer-gas pressure of 50 psi and drift tube temperature of 40
• C, and the gain was set at 7. The artemisinin purchased from Sigma was used as the standard control in the measurement. For each sample, the injection volume was 20 µL, and the results were analyzed with Empower data system.
RNA extraction and RT-PCR analysis
For gene expression analysis, total RNA was extracted from both ABA-treated plants and cells using Plant (Leaves) Total RNA Isolation Kit (Watson Biotechnologies, Inc). DNA contamination was removed using DNase I (Takara) following the protocol provided by the manufacturer. One µg RNA was reversely transcribed using oligo(dT)18 and Reverse Transcriptase XL (AMV) (Takara) following the manufacturer's protocol, to finally obtain a 20 µL cDNA solution.
The expression of several key genes involved in the artemisinin biosynthetic pathway were studied, including 3-hydroxy-3-methylglutaryl coenzyme A reductase gene (HMGR), farnesyl diphosphate synthase gene (FPS), amorpha-4,11-diene synthase gene (ADS), amorpha-4,11-diene C-12 oxidase gene (CYP71AV1) and its redox partner cytochrome P450 reductase gene (CPR). In addition, the ubiquitin-conjugating gene (UBC) and 40S ribosomal protein S9 gene (RPS9) were used as internal reference genes. For each of the genes under study, a primer pair was designed to obtain a PCR amplification product between 100 bp and 500 bp. The sequences of the primers used for PCR amplifications of HMGR, FPS, ADS, CYP71AV1, UBC and RPS9 transcripts were HMGR-F (5'-TTGTGTGCGAGGCAGTAAT-3') and HMGR-R (5'-CCTGACCAGTGGCTATAAAGA-3'), FPS-F (5'-TCATTGTCTATTCACCGCCG-3') and FPS-R (5'-CACCGCTTGGACTGCTTTGCT-3'), ADS-F (5'-AAT GGGCAAATGAGGGACAC-3') and ADS-R (5'-TTTCAA GGCTCGATGAACTATG-3'), CYP71AV1-F (5'-CACCC TCCACTACCCTTG-3') and CYP71AV1-R (5'-GACACAT CCTTCTCCCAGC-3', UBC-F (5'-CACACTTGAGGTTG AGTCCAG-3') and UBC-R (5'-CATAACATTTGCGGCA GATAG-3'), RPS9-F (5'-GCGTTTGGATGCTGAGTTGA AG-3') and RPS9-R (5'-GGCGCTCAAGGAAGTTCTCT AC-3'), respectively. Amplification was performed under the following conditions: denaturation at 94 • C for 30 s). To ensure that the PCR was linear, the optimal amount of cDNA and number of cycles were determined for each primer pair. PCR products were analyzed on 1% agarose gels containing ethidium bromide and photographed under UV light. 
Results and discussion
The content of artemisinin in A. annua after ABA treatment The content of artemisinin in A. annua was determined by HPLC-ELSD. For each concentration of ABA treatment, 6 randomly selected individual plants were treated and analyzed. It was found that the plants treated by ABA had higher contents of artemisinin (1.5-1.8% dry weight) compared to that in the control (1.1%) (Fig. 1) . Among them, the highest averaged content of artemisinin (1.84% dry weight), which was 65% higher than the control, was found in plants treated by 10 µM ABA solution. The result analyzed with two-side T test showed that the enhancement of artemisinin content caused by 1 µM and 100 µM ABA was significant (0.01 < P < 0.05) compared to the control, and the enhancement caused by 10 µM ABA solution was extremely significant (P < 0.01) compared to the control (Fig. 1) .
Various attempts were made to improve the artemisinin production by optimizing chemical and environmental factors. A combination of benzyladenine and kinetin increased the yields of artemisinin in cultured shoots by 3.6 and 2.6 fold (Whipkey et al. 1992) . Gibberellic acid, a plant hormone that can induce blooming, has been reported to improve growth and artemisinin biosynthesis in shoot cultures, root cultures and plantlets of A. annua (Fulzele et al. 1995; Smith et al. 1997; Weathers et al. 2005; Zhang et al. 2005) . According to Liersch et al. (1986) , chlormequat was also able to increase the artemisinin content by 30%. Recently, Putalun et al. (2007) reported that chitosan, methyl jasmonate and yeast extract could increase artemisinin production in hairy root cultures of A. annua. Artemisinin production in hairy roots was increased by 6-fold to 1.84 ± 0.02 µg/mg of dry weight over 6 d by treating with 150 mg/L chitosan. Hairy roots treated with methyl jasmonate at 200 mM or yeast extract at 2 mg/mL also increased artemisinin production to 1.52 ± 0.32 and 0.95 ± 0.01 µg/mg of dry weight, respectively. Besides, by adding mevalonic acid lactone (50 mg/L) as a precursor and methyl jasmonate (5 mg/L) as elicitor, the artemisinin productivity of suspension cultures of A. annua was enhanced by 2.99 times and 4.09 times, respectively, compared to the control cultures (Baldi & Dixit 2008) . It was also reported that environmental stress such as light, temperature, water and salt significantly altered artemisinin yields (Abdin et al. 2003) . Qian et al. (2007) reported that artemisinin content in the plant treated with 4-6 g/L NaCl could be significantly enhanced (up to 2-3% dry weight) compared to that in control plant (1%). However, under salinity stress, the biomass was significantly decreased.
In this study, the artemisinin content of A. annua plants could reach an average of 1.84% dry weight after the treatment of ABA at the concentration of 10 µM, and the biomass was not influenced by ABA treatment. Thereby, this is a simple and efficient approach to enhance the artemisinin yield in plants.
The influence of ABA treatment on gene expression profiles Since 10 µM ABA could significantly increase the artemisinin content in A. annua plants, we analyzed the expression changes of several key genes in both plants and cell suspension cultures of A. annua after ABA treatment. As a result, in the ABA-treated plants, the expression of HMGR, FPS, CYP71AV1 and CPR was significantly increased (Fig. 2A) , and the expression reached the highest levels at 12, 12, 8 and 48 h, respectively, after the treatment. However, the expression of ADS was not significantly increased. There was only a slight increase at 72 h after the treatment. There were similar expression patterns of these genes in the ABA-treated cells, except that the expression of ADS was not detected (Fig. 2B) . The expression of HMGR was increased slightly, and the highest expression level appeared at 12 h after the treatment, while the expression of FPS, CYP71AV1 and CPR was significantly increased, and their highest expression levels appeared at 8, 8 and 24 h after the treatment respectively.
In the ABA-treated A. annua plants, except for ADS, the expression of all the other key genes in the artemisinin biosynthetic pathway was significantly increased. This result could explain why the artemisinin content in the A. annua plants was significantly improved by ABA treatment. HMGR catalyzes the irreversible conversion of HMG-CoA to mevalonate and is considered as a key regulatory step controlling isoprenoid metabolism in mammals, fungi, insects, as well as plants. Overexpression of HMGR gene in tobacco resulted in a 10-fold increase of total sterol accumulation (Chappell et al. 1995) . The same group reported that elicitor-inducible HMGR activity was required for sesquiterpene accumulation in tobacco cell suspension cultures (Chappell et al. 1991) . In this study, exogenous ABA could significantly induce the expression of HMGR. This result was consistent with the previous research about the HMGR gene. In addition, FPS and CYP71AV1, which were also demonstrated to play important roles in the biosynthesis of artemisinin (Chen et al. 2000; Teoh et al. 2006) , were also induced by exogenous ABA. As several genes were upregulated after the treatment, there was probably certain transcription factor that could sense the ABA treatment and regulate the expression of these genes.
In the A. annua cell suspension cultures, the expression patterns of HMGR, FPS and CYP71AV1 were similar to that in the plants, but their highest expression levels were prior to those in the plants. This result suggests that exogenous ABA might first promote the accumulation of endogenous ABA, which then induced the expression of these genes. It was widely reported that abiotic stresses, such as low water potential and salt stress, could lead to the accumulation of ABA (Verslues & Zhu 2005; Barrero et al. 2006; Qureshi et al. 2005) . Previous research showed that salt stress could increase the artemisinin content in A. annua plants (Qian et al. 2007 ). The reason was probably that salt stress promoted the accumulation of endogenous ABA and then enhanced the expression of these genes in artemisinin biosynthetic pathway. All the evidences showed that there was probably a crosstalk between the ABA signaling pathway and artemisinin biosynthetic pathway.
In the cell suspension cultures, the expression of ADS was not detected. This result was consistent with the previous report that only trace amount of artemisinin existed in A. annua cell suspension cultures (Nair et al. 1986; Tawfiq et al. 1989) . ADS, which catalyzes the cyclisation of the ubiquitous precursor farnesyl diphosphate to sesquiterpene skeleton, was postulated to be the key enzyme in the biosynthesis of artemisinin (Mercke et al. 2000; Wallaart et al. 2001) . Recent research showed that the expression of ADS gene was tissue-specific, mainly present in the anthers and trichomes of the green tissues of the juvenile leaves (Kim et al. 2008) . Our result was consistent with this report.
The biosynthesis of artemisinin from the precursor farnesyl diphosphate has not been totally elucidated. ADS and CYP71AV1 were the only two genes studied in this pathway. As in the ABA-treated plants CYP71AV1 was upregulated more significantly than ADS, CYP71AV1 may play a more important role in the regulation of artemisinin biosynthesis.
